The domestic pig is a useful model in certain areas of biomedical research. Effective use of this species is often encumbered by lack of reference values in conscious as well as anaesthetized animals. Anaesthesia itself influences physiological and biological variables; the anaesthetic technique often affects experimental results. The relationship between anaesthesia and haemodynamics is well characterized in man, but less established in pigs.
tions in fluid balance and thus interfere with the results of an investigation. The purpose of this paper was to evaluate haemodynamic and fluid balance changes in pigs anaesthetized with a technique commonly used in human cardiac surgery, to establish whether stable haemodynamic function occurs in pigs, as in humans.
Materials and methods

Animal handling and anaesthesia
We studied six immature, male domestic pigs, Norwegian landrace (Norhybrid, Stend Agricultural College, Norway). The procedures described in this article were approved and in accordance with recommendations laid down by The Norwegian State Commission for Laboratory Animals. The animals were fed twice daily with a standard commercial young pig feed. Feed was withdrawn 12h prior to the study. Water was provided at all times. All animals were housed under controlled lighting (14jlO), temperature, 20 ± I°C, and humidity (50± 10% RH). They were all acclimatized at the facility for at least 5 days before the experiments.
Pre-anaesthetic medication (ketamine 250 mg, diazepam 10mg and atropine 1mg) was given Lm. 30 min prior to induction of anaesthesia. In the operating theatre, after weighing, general anaesthesia was induced via a face mask with isoflurane in oxygen. After induction a catheter was inserted in an ear vein and connected to a continuous infusion of Ringer's acetate.
Anaesthesia was supplemented with i.v. thiopentone 5 mgjkg body weight 2 min before intubation of the trachea (Mallinckrodt, blueline oral tube, J.D. 6.0). General anaesthesia was maintained by volume-controlled ventilation with isoflurane (0.5 vol %) delivered in 50% oxygen in air via a ventilator (Servo 900, equipped with an isoflurane vaporizer 952, Siemens-Elema, Sweden), and a continuous intravenous infusion of midazolam (0.5mg/kg/h) and fentanyl 17.5jlgjkgjh). The doses were similar to those used in humans. The protocol allowed adjustments of inspired isoflurane con-317 centrations in the order 0.5-2 vol % according to reactions to standardized noxious stimuli (Boschert et a1. 1996) or changes in blood pressure and heart rate. Ventilation (volumecontrolled) was adjusted to produce normocapnia (arterial carbon dioxide level about 5.0 kPa) based on repeated arterial blood gas analysis and end-tidal carbon dioxide monitoring (Datex Normocap CO2 monitor (Datex, Finland)).
After induction of anaesthesia midline sternotomy was performed. The thoracic duct was located and prepared for attachment of a transit time flowmetry probe. A 4-lumen thermodilution catheter was introduced into the pulmonary artery through the right mammarian vein. Surgery was normally completed within 30 to 45 min. Thereafter the animals were left with maximal sternal spread for 10min before baseline values were recorded. All variables were measured continuously and recorded at regular intervals (every 10min) for 3h.
The level of anaesthesia was monitored in accordance with the recommendations given by Boschert et a1.(1996) . Responses to painful stimuli by pinching the nasal septum, the angle of the mouth or the interdigital spaces on the forefoot were evaluated. Sudden, purposeful movements were according to protocol planned to be met with additional administration of inhalational anaesthetics.
Fluid therapy consisted of 10ml/kg body weight/h of aceta ted Ringer's solution supplemented by additional volume to substitute for blood'loss; this was three times the estimated blood loss volume.
The nasopharyngeal temperature was measured and kept between 3~-39°C using a heating pad.
Monitoring of haemodynamic variables
Heart rate was obtained using surface ECG electrodes. Systemic arterial pressures were monitored continuously using a fluid-filled catheter introduced into the left femoral artery connected to a Transpac R II pressure transducer (Abbott Critical Care Systems, Ireland) linked to a Hewlett Packard monitor 78353A monitor (Hewlett Packard, USA). Pulmonary arterial pressure was obtained using a paediatric 4-lumen thermodilution catheter (model 93-l32-5F) (Baxter Healthcare Corporation, USA) with the tip positioned in the pulmonary artery, and connected to a Hewlett Packard monitor 78353A (Hewlett Packard, USA).
Monitoring of diuresis
A suprapubic urinary bladder catheter was placed surgically for continuous monitoring of diuresis. Urine output was recorded every hour.
Colloid osmotic pressure (COP)
Colloid osmotic pressure in serum (s-COP) was measured with a colloid osmometer using an Amicon PM-30 membrane and 0.9% saline in the reference chamber. The osmometer was specially designed to accept 5,u1 sample volumes (Aukland & Johnsen 1974) . Pressure was measured by a pressure transducer (Gould-Statham, Spectramed, USA) amplified and recorded on an EasyGraph 240 (Gould Inc., USA). A wick-in-needle (WIN) was used to measure interstitial fluid hydrostatic pressure (Pi! in the subcutis. A hypodermic needle (23 G) containing a multifilamentous nylon wick, which was exposed both at the needle end and through a 2 to 4 mm long side hole just proximal to the needle tip, was placed subcutaneously on the inner upper thigh, and connected to a pressure transducer (AE 840, Sensonor, Norway) via a saline filled PE20 catheter. Injection and withdrawal of minute amounts of fluid (about 0.05 ,ul) were obtained by compressing and decompressing the catheter. Return of pressure to baseline shortly after such microinjection and withdrawal of fluid demonstrated a free communication to interstitial fluid, and was used as a criterion for acceptable Pi readings (Wiig et al. 1986 ).
Lymph flow (QL)
Lymph flow was monitored continuously using transit time flowmetry. A 2 mm flow probe (Cardiomed, Norwayj was placed on the thoracic duct close to the attachment to the subclavian vein, and connected to a CM 4000 Transit Time and Doppler Flowmeter (Cardiomed, Norwayj.
Husby et al.
Total tissue water (TTW)
Five tissue samples collected simultaneously from the right psoas muscle, abdominal skin, colon, ileum, gastric ventricle, liver, kidney, lung and heart were placed in preweighed open vials, bottled immediately, reweighed as soon as possible, and placed in a drying chamber at 70°C. The vials were weighed repeatedly until weight was stable.
Measurement of regional blood flow
Regional blood flow was measured with the microsphere method using red, blue and yellow coloured polystyrene microspheres
Triton, San Diego, USA) as described by Kowallik et al. (1991) .
The microsphere method
Preparation A 4 F polyethylene catheter was placed in the left atrium for injection of coloured microspheres. A 5 F polyethylene catheter was introduced to the descending aorta through the left femoral artery and connected to a constant rate retraction pump (Sage Instruments, Cambridge, MA, USA) for reference blood sampling.
Measurements
The microsphere method is based upon the notion that IS{lm spheres after homogeneous mixing in arterial blood, become trapped in the capillaries to an extent proportional to blood supply. The number of spheres in various tissues and reference blood was calculated by digestion of samples in 4 M KOH and subsequent filtration through a 10 {lm Teflon filter. The dye was released from the spheres with dimethylformamid and the content of each dye (red, blue and yellow) was measured in a spectrophotometer (HP 89532A, Hewlett Packard, Waldbronn, Germany). Regional blood flow was calculated by using the MISS analytical software (Triton Technology, San Diego, CA, USA). Cardiac output (CO) was calculated by the equation: CO (ml/min) = reference blood volume * number of spheres injected/ number of spheres in blood sample.
Statistical methods
Data are presented as mean with SEM in parentheses unless otherwise specified. 
End of experiments
The heart was arrested in all experiments with Lv. injection of saturated potassium chloride at the end of the experimental procedure and the animals destroyed according to the hospital's routine.
Results
The mean weight of the studied animals was 29.0 (1.5)kg. There were no deaths in the course of the study period. The anaesthesia protocol used resulted in very stable haemodynamic conditions. Only on rare occasions were increased concentrations of isoflurane (up to 2 vol%) required as a result of an increase in blood pressure or heart rate, and only for short periods of time.
With constant PaC02 and pH throughout the 3-h observation period, the base excess (BEl value reflected a metabolic alkalosis ( Table 1 ). The concentrations of serumsodium (s-Nal, serum-potassium (s-K), serum-chloride (s-CI), serum-albumin, serum-protein, haemoglobin and serumcolloid osmotic pressure (s-COP) remained constant during the study (Table 1 ). Figure 1 demonstrates haemodynamic variables during 3 h of anaesthesia. There were no significant changes in either heart rate, systemic or pulmonary artery pressures (Fig 1) . Pulmonary capillary wedge pressure (PCWP) also remained constant (Fig 1) (P= 0.991. Cardiac output, measured with coloured microspheres, was initially 5.8 (0.7) l/min and decreased insignificantly (P = 0.13) to 4.8 (004) l/min after 3 h of anaesthesia. Table 2 shows the regional perfusion (ml/min/g tissue) of left and right ventricle, lung, renal cortex, liver, gastric mucosa, ileum, colon and the psoas muscle. Except for the liver and lung, no significant changes in regional tissue perfusion were observed throughout the experiments (Table 2 ). Figure 2 shows that s-COP and interstitial hydrostatic pressure (Pi! also remained constant. Lymph flow in the thoracic duct was in the range 1.0-2.1 ml/min and did not change significantly during the study (Fig 2) . Fluid balance based on recorded input and output is displayed in Fig 2. 
Discussion
During physiological experiments the dosedependent cardiodepressive action of most anaesthetics must be considered (Weiskopf et a1. 1990 ).
When using volatile anaesthetics as the main component of general anaesthesia, the dose-dependent negative chronotropic and inotropic effects can be fully reversed within a few minutes by reducing the anaesthetic concentration (Becker et a1. 1984) .
Intravenous supplementation is commonly used during inhalational anaesthesia. Hypnotics and narcotics may be added to decrease the requirements of volatile anaesthetics or to modify the circulatory responses to noxious stimuli. Ketamine and midazolam have been suggested for both pre-anaesthetic medication and sedation in swine (Boschert et a1. 1996) . According to Smith et a1. (1991) , intravenous midazolam at all dose levels up to 1mg/kg was associated with stable cardiac function in pigs. It should therefore, be appropriate for supplementing inhalational anaesthesia. In our technique analgesia and hypnosis were provided with fentanyl and midazolam supplemented with isoflurane. Circulatory responses to noxious stimuli were planned to be met with changes in isoflurane concentration; the results indicate good haemodynamic stability was achieved. At no moment did noxious stimuli elicit should thus represent a safer alternative than halothane. Pigs anaesthetized with isoflurane have greater coronary reserve, better preserved cardiac function and greater tolerance to increasing agent concentrations than pigs anaesthetized with halothane (Gilbert et a1. 1988 ).
We found isoflurane combined with infusion of midazolam and fentanyl to provide stable haemodynamics up to 3 h. The total fentanyl dose of about 20 ltg/kg should not affect cardiovascular function according to Weiskopf et a1. 119901. Cardiovascular function is altered in different manners and directions by various anaesthetics. Alterations in cardiac output may influence regional perfusion. We measured regional blood flow with coloured microspheres in different organs and tissues (Kowallik et a1. 1991) . Lung and liver perfusion decreased significantly with time without concomitant changes in haemodynamic variables. Liver perfusion, however, was at every point of measurement above that reported in awake control animals and even greater than that observed during halothane anaesthesia (Tranquilli et a1. 1982 ).
An explanation for the observed reduction of arterial perfusion in lung and liver tissue in this study at 2 and 3 h would require further studies. It must be emphazised that pulmonary artery and portal vein blood flow are not measured with the microsphere method. Only nutritional flow supplied by the bronchial and hepatic arteries can be estimated using this technique. The pathophysiological importance of the observed alterations remains thus unresolved by the p~esent study. Measurements of morphological and biochemical changes within the two organ systems are required. The finding may indicate functional changes in lung and liver after 1h, and should be addressed in forthcoming experiments. The relevance of this observation for respiratory function is however, uncertain. No change in blood gases was seen throughout the study period.
Fluid balance may be affected by changes in haemodynamics. According to the Starling equation the transcapillary hydrostatic and colloidosmotic pressure gradients are important for fluid shifts, i.e. distribution of i: 100 purposeful movements, whereas slight increases in blood pressure or heart rate occurred infrequently. These were controlled by increases in isoflurane concentration. The use of neuromuscular blocking agents may obscure response to noxious stimulation and was therefore avoided.
Halothane as main or only anaesthetic has been widely used during surgical research procedures in swine (Eisele et a1. 1986 , Hasenkam et a1. 1988 (Aukland & Reed 1993) . In addition, lymphatic flow is an important re-circulation system. Lymph flow is partly dependent on intrinsic mechanisms such as intermittent contraction of smooth muscle in the lymph vessel wall and extrinsic mechanisms such as venous pressure and compression from tissues (vessels and muscle pump) surrounding the lymph ducts and vessels (Auldand & Reed 1993) . The circulatory changes induced by anaesthesia could potentially influence fluid balance. Our finding of stable lymph flow, s-COP and Pi may however, indicate relatively undisturbed fluid homeostasis. Hannon et al. (1990) reported normal ranges for a variety of physiological and laboratory parameters in conscious domestic pigs. Our animals had a metabolic alkalosis which is in accordance with the results of Hannon (1983 Hannon ( , 1984 ) and due to a higher plasma buffer base concentration of porcine blood relative to human.
Haemoglobin concentration, haematocrit, s-albumin, s-protein concentrations and s-COP were found to be low. Our results are however, in accordance with the reference blood chemistry profiles reported by Hannon et al. (1990) and may be related to immaturity in our pigs.
We conclude that the use of an anaesthetic technique based on midazolam, fentanyl and isoflurane provides stable cardiovascular function and microvascular fluid balance for 3 h in immature pigs. This regimen may thus be suited for cardiac research and studies on microvascular fluid balance and may potentially contribute to improved quality of results.
